Abstract. Due to the significant variations in electricity generation and its demand, the power plant owners are encountered with challenges of economic operation. Among all, Compressed air energy storage (CAES) technology has proposed itself as a reliable and efficient solution to match the two sides. This paper deals with a modeled compressed air energy storage power plant which has been optimized thermodynamically through an efficient genetic algorithm code. The results of this optimized model, considered as the base case, show that the power plant is technically and financially justifiable. In order to obtain a more tangible realization, it is necessary to verify the results against the variation of key parameters. In this study, the sensitivity analysis is performed based on main parameters including plant loading and ambient condition and the resultant trends of each case are presented. This approach will help the designers to analyze the quality of their designs in different situations.
Nomenclature

Introduction
Electrical Energy Storage (EES) refers to a process of converting electrical energy from a power network into a form that can be converted back to electrical energy when needed [1] . Such a process enables electricity to be produced at times of low demand, low generation cost or from intermittent energy sources and to be used at times of high demand, high generation cost or when no other generation means is available.
With the rapid development of the international electrical energy storage industry, over 400 energy storage projects had already been established worldwide by 2012, these projects have been widely used for power generation, transmission and distribution, renewable energy integration and ancillary services [2] . Compressed Air Energy Storage (CAES) is a type of commercialized EES technology, which can provide above 100 MW of power output via a single unit as well as having bulk energy storage capacity [3] . CAES can work with intermittent renewable energy applications, especially in wind power, to smooth the power output, which have attracted much attentions from academic researchers and industrial sectors as described in [4] . The major barrier to implementing large-scale CAES plants is identifying appropriate geographical locations which will decide the main investment cost of the plant. Examples of commercially successful CAES plants are the Huntorf power plant (built in Germany in 1978) and the McIntosh power plant (built in the United States in 1991).
A comparison of different operation strategies for a given CAES plant is presented by Lund et al [5] . Two practical strategies were compared with the optimal strategy, identified by the previous knowledge of future spot market prices, and it is shown that with these strategies the CAES plant can be expected to earn 80-90 per cent of the optimal earnings.
A comparative analysis of CAES, Gas Turbines and HPS has been performed by Najjar and Zaamout [6] , evidencing the advantages of CAES systems, particularly for the dry regions.
A comparison between gas turbines and compressed air energy storage as competitors for supplemental generation has been performed by Greenblatt et al [7] . It has been shown that the wind+CAES system has the lowest dispatch cost of the alternatives considered (lower even than for coal power plants) above a green house gas (GHG) emissions price of $35/tCequiv., with good prospects for realizing a higher capacity factor and a lower total cost of energy than all the competing technologies over a wide range of effective fuel costs.
The present study deals with a modeled compressed air energy storage cycle which has been optimized thermodynamically by using a genetic algorithm. The model can be utilized for investigating the different hybrid applications. The modeling approach and optimization process was presented in the previous work [8] . Here the main points and results which have been used for present work are presented. This paper aims at different conditions at which a CAES may be operated. In other words, the effect of off-design condition parameters on the plant performance, which would help the plant designers and operators to make the best decisions, has been studied. Figure 1 shows a schematic diagram of a CAES system [1] . CAES works on the basis of conventional gas turbine generation. It decouples the compression and expansion cycles of a conventional gas turbine into two separated processes and stores the energy in the form of elastic potential energy of compressed air.
Plant description
During low demand, energy is stored by compressing air into an air tight space, typically 4.0-8.0 MPa. In order to extract the stored energy, compressed air is drawn from the storage vessel, heated and then expanded through a high pressure turbine (HPT), which captures some of the energy in the compressed air. The air is then mixed with fuel and combusted with the exhaust and expanded through a low pressure turbine (LPT). Both the high and low pressure turbines are connected to a generator to produce electricity. The basic thermodynamic governing equations of compression and expansion processes are as following [9] :
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The waste heat of the exhaust is potentially captured via a recuperator before being released.
Modeling the CAES plant cycle
One of the key issues in the development of a CAES plant is to design its thermodynamic cycle in the optimum condition. In order to maximize the CAES profit, power should be stored in off-peak hours and be delivered to the grid in peak hours. The profit is obtained from the difference between the price of energy in offpeak hours with the price of energy in peak hours. The CAES cost should also be taken into consideration because using either large or small amount of storage can reduce the total profit. The objective function is defined so that it determines the CAES size corresponding to the maximum profit. Therefore the objective function should be as:
MAX (NP) = Re -C In the above equation NP stands for the total net profit or benefit, Re shows the revenue obtained from selling the power in peak hours and C stands for the cost of not selling the power in off-peak hours and storing it and the cost of CAES.
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The objective function is in fact a cost-benefit function, which is optimized by genetic algorithm (GA). The optimization tool (GA) of MATLAB software has been applied for this purpose. In this way the optimum value of design parameters is obtained and can be used in design and modeling procedures. [8] to determine the physical characteristics of the optimized CAES system. The thermodynamic process in each combustion chamber and gas turbine is regarded as an adiabatic process. Figure 2 shows the thermodynamic model of CAES plant. Figure 2 . The modeled CAES plant [8] In the CAES cycle, the energy storage subsystem comprises four compressors, four coolers, and a cavern with a constant volume. The air is cooled to 89.5 °C in both the intercoolers and the aftercooler. Water is the cooling medium, and counter flow is adopted in the cooler. The air is compressed to approximately 59 bar on average and stored in a cavern. The electricity-generating subsystem is built based on gas turbine units. The compressed air released from the air storage cavern is mixed with natural gas in the combustion chamber. Before flowing into the HP turbine, the mixed gas is heated to 1190 °C. Similarly, a certain amount of natural gas is also mixed with the gas exhausted from the HP turbine. Then, the mixed gas is heated to 1160 °C before entering the LP turbine.
Main results
The main thermodynamic parameters including pressure, temperature, flow, and enthalpy for major components corresponding to the points indicated in Figure 2 are listed as base case in Table 1 .
The compression to 58.73 bar requires 519 kJ energy per kg of air. After efficiency losses, the recoverable expansion energy is 1025 kJ per kg. The size of the energy storage depends on the recoverable work per unit mass of air stored. The amount of work per kg of air stored is equal to the total input during compression and depends on the actual time needed to the charge of reservoir. Reservoir discharge (production) and charge (compression) timing and subsequently the capacity of air storage are determined based on electrical network studies and requirements. 
Off-design performance
Plant designers and operators always need to evaluate its performance in different operating condition because the variation of plant performance based on the key parameters yields a good view to make the better strategic decisions. Therefore it is important to have a good sense of CAES key parameters effect on the plant performance.
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Loading effect
Plant heat rate is a performance indicator that all manufacturers rely on it for attracting the client's interest. Heat rate value of typical CAES plants has reported in the range of 4200-4800 kJ/kWh [10] . Figure 3a shows the variation of modeled plant heat rate for partial loads. As can be seen, the value of plant heat rate increases when the load decreases, however the variation range of heat rate is not so wide. That is why said CAES plants work efficiently even in the part load and it is one of the main advantages of CAES cycles rather than conventional gas turbines.
Figure 3a. Plant heat rate based on its load percentage
It is obvious that the optimum or design value of CAES heat rate achieved in full load i.e. 4647 kJ/kWh for the model. Figure 3b illustrates the air flow through the expander train for the different partial loads. 
Ambient temperature effect
Figures 5a and 5b confirm that unlike the conventional gas turbines, the ambient temperature does not affect so much the power consumption of CAES compressor train. A fifty percent increase of ambient temperature results in almost two percent more consumption work. Moreover the ambient temperature does not have any effect on expander train because compressor and expander trains work completely separated from each other.
Air mass flow effect
Air mass flow passes through the different stages of compressor train and is intercooled alternatively to be stored in a cavern. The compressed storage air goes into the combustors and after mixing by fuel, expands in turbines. Therefore the variation of power based on ambient air and cavern air mass flow in off-design condition which have been presented in Figure 6a and Figure 6b respectively, can help the plant designers. Increasing the stored air flow by 10.5% compared with the design value will increase the compressor total shaft power by 12% and this means a larger compressor capacity is required. It should be noted that the most part of power is generated in low pressure turbine and it is more sensitive on cavern air flow variation. If the flow of delivered air from cavern to turbine train decreases by 20% than the design value, the power generation would decrease accordingly by approximately 21.5% or 22 MW; 17 MW of which is related to LPT and 5 MW is associated with HPT. 
VAN and IGV effect
One of the key parameters which plays a prominent role in compressor stability especially during the start up and shut down period is the percentage of inlet guide van (IGV) opening. It can be seen from Figure 7 that 50% opening compared with fully (100%) opening associated with design condition, can approximately lead to 13% decrease in both LP and HP compressors power consumption. As the same manner, the percentage of variable area nozzle (VAN) opening is an important control parameter for maintaining the turbine stable during the operation. As Figure 8 displays, a 50% increase of VAN opening relative to the design value, 100% opening, can make a 5 megawatts increase in LPT power generated. 
Conclusion
This study investigates the effect of key parameters on the design and operation of an optimized CAES plant via simulation. Using prior research as basis, the following conclusions can be drawn from this work:
1. Designers and operators should be well aware of the manner on which the performance of a CAES plant undergoing deviation from the design condition. To do this it is necessary to determine the effect of key parameters that can change the design conditions. The variation curves of design and operation parameters can be a good tool to awareness of appropriated changes.
2. The plant reaches its optimum value of heat rate in full load i.e. 4647 kJ/kWh. As it moves away from this state, the heat rate also increases. But compared with total value, the maximum variation is only 1.5% which is very little. That is why CAES plants are said to preserve their efficiency even in the part load.
3. When ambient temperature varies from 5 to 45 centigrade degree, total compression power increases from 238000 to 252000 kW. In other words, bounding analysis of ambient temperature results in just 5.9% addition in required power. Moreover, because compressor and expander trains work completely separated from each other, this parameter does not have any effect on expander train. Therefore, the performance of CAES is almost independent of ambient temperature.
4. If the air flowing to turbine train decreases by 20% than the design value, the power generation would decrease accordingly by 21.5% or 22 MW; 17 MW in LPT and 5 MW in HPT. It is argued that the most part of power is generated in low pressure turbine and therefore, is more sensitive to cavern air flow variation.
